Abstract
Free surface plasma facing components (PFCS) offer the potential to solve the lifetime issues limiting current solid surface designs for tokamak fusion reactors by eliminating the problems of erosion and thermal stresses accompanying solid surface designs. The moving PFC free surfaces provide the possibility of absorbing impurities and possibly helium for removal outside of the plasma chamber. Free surface PFCS may also offer more creative possibilities for heat removal and higher thermal conversion efficiencies for the entire system. Design requirements for PFCS include handling -50% of the plasma heat flux and -go~o of the ion flux.
Magnetohydrodynamic
(MHD) liquid metal flows with free surfaces are discussed with reference to Advanced Limiter-divertor Plasma-facing Systems (ALPS) program.
Specific MHD issues for the jet divertor are outlined. Results for the rivulet flow and for the thermocapillary flow in a jet are presented.
Introduction
In a tokamak reactor, liquid metals flow in a strong magnetic field -5-10T, which leads to a very strong MHD interaction.
Liquid metal free surface PFCS can be broken down into three main groups: 1) a film flowing over a solid substrate, 2) a droplet curtain, and 3) a jet curtain. Of these three, the droplet curtain and the jet curtain are thought to be least affected by the presence of the magnetic field confining the plasma.
Both droplet and jet magnetohydrodynamic (MHD) flows are definitely influenced by the presence of magnetic fields, however. Qualitatively, a uniform magnetic field tends to stabilize the geometry of a droplet or jet flow; surface instabilities are suppressed and the flow field appears to be much more "organized". A review of existing MHD-work on freesurface flows has been given in [1] .
Because of the significant influence of a magnetic field on the performance of all three of these PFC concepts, it is necessary to consider MHD effects when modelling, designing and testing these free surface systems.
The advantages and disadvantages of film-, droprmd jet-diverters have been discussed in [1] , where it has been recommended to pursue the development of a jet divertor concept for ALPS. In this paper we summarise the most important problems to be investigated for a jet divertor, and then present theoretical results for two of them, the rivulet flow and the thermocapillary flow.
Magnetohydrodynamic issues for a jet divertor
The most important part of the jet divertor involves a liquid metal jet, which appears from a nozzle (Fig. la) . The jet absorbs high heat flux from plasma, and falls either into a collector (Fig. lb) or into a chute (Fig. lc) . There are several MHD issues for the jet divertor that need to be investigated, which are indicated in Fig. 1a 
Flow in a rivulet
Rivulets on a solid plate (Fig. 2 ) may form if nettability of either the plate or the sidewalls is poor, or as a result of the rupture of a thin liquid-metal film, as has been experimentally observed in [2], [3] . We consider filly developed MHD flow in a rivulet on an inclined plate. The plate is partially wetted, and is electrically insulating. The external magnetic field is transverse to the flow direction, and is either transverse or parallel to the plate. An asymptotic solution of the problem for high values of the Hartmann number has been obtained [4] .
FORMULATION AND SOLUTION OF THE PROBLEM
Consider the steady, gravity-driven, isothermal, fully developed flow of a viscous, electrically conducting, incompressible fluid along the x. -axis in a rivulet (Fig. 2) . Asterisks denote dimensional quantities. A solid plate is located at z. = O ; it is
,.,',.' transverse magnetic field BO*= lloe~is applied in the plane (Y*,z*) at an angle y to the horizon. The characteristic values of the length, the fluid velocity, the induced magnetic field, the electric current density, the electric potential, and the pressure are a., the maximum height, VO= pg sincz /(oB~) , q.w.vOBO , CJV@o,a*vOBO, and axpg cosa , respectively. In the above, O, p, vare the electrical conductivity, density and kinematic viscosity of the fluid; p is the magnetic permeability; g is the intensity of gravity.
The solution to the problem is constructed in the following way. First, the location of the free surface, which is determined by gravity and surface tension only, is obtained. Nex~for a given shape of the rivulet crosssection, the fluid velocity, the electric current density, the induced magnetic field, the electric potential, and finally the pressure are obtained using matched asymptotic expansions at high values of the Hartmann number Ha = a#lO~cT/ p.
MAGNETIC FIELD TRANSVERSE TO THE PLATE
When the fluid flows down an inclined plane in a transverse magnetic field, an 0(1) electric current is induced initially in the negative y-direction. This component of current interacts with the magnetic field to produce the Lorentz force, which balances gravity in the core. The core electric current must vanish at the free surface, and as a result, the current lines repeat the shape of the free surface (Fig. 3) . The electric current completes its path in the Hartrnann layer at the plate, where it is O(Ha) owing to current conservation. While passing through the Hartmann layer, the current induces an O(Ha) electric potential difference in both the layer, and the core, which must be balanced by the 
Thermocapillary convection in a liquid metal jet
The second problem to be discussed here is that of a o o-dimensional thermocapillary convection (Fig. 5 ). 
MAGNETIC FIELD PARALLEL TO THE PLATE
Since the magnetic field lines do not cross the solid boundary, the velocity in the core turns out to be 0(Ha2), i.e. independent of the magnetic field strength for sufficiently high field, and far higher than for a transverse field. The electric current is 0(1), and therefore, the viscous force is of the same order as the electromagnetic one. The electric current lines are shown in Fig. 4 . The role of the magnetic field is to "straighten" the velocity profiles in the horizontal direction. The latter may be described by a single curve for all values of y. The zero-traction conditions at the free surface are satisfied in the lower-order Hartrnann layers. It is important to note that in contrast to the transverse field, the flow in the bulk of the crosssection is viscous. Therefore, to the leading order the "core" occupies the whole cross-section For both field directions, transverse and parallel, the following holds: (i) the velocity does not vary along the magnetic field lines; (ii) there is a lowerorder Hartmann layer at the free surface, which is formed to relax traction at the free surface, produced by the core flow. This problem is related to heat transfer in a jet (problem 4), which is of primary concern for the divertor. The heat flux in the divertor region may reach values of-50 MW/m2, most of which is to be absorbed by the jet curtain. This leads to considerable variation of the surface tension,~., with temperature, T. , and thus to therrnocapillary convection. We assume that the surface tension of the liquid metal varies linearly with temperature, i.e. fl*(r)=p*(~)-(@!!$ .
If this effect is sufficiently strong, the resulting thermocapillary flow may lead to a significant deformation of the jet cross-section, and fin-ther to the disintegration of the jet. An analogous problem for a liquid metal drop has been discussed in Figure 6 . Thermocapillary convection in a jet: streamlines for z >0.1, y >0.1, and for T= -y, Ha =
100.
Variation of the surface tension with temperature, represents the driving force, and creates a traction at the fi-ee surface. In dimensionless form this gives:
Typical results are shown in Fig. 6 . At the jet surface a Hartrnann layer is formed, where the flow is dragged from the hot to cold region by thermocapilhuy forces. The flow returns via the core. More details are given in [6] . Deformation of the jet owing to this effect is currently being investigated.
